Introduction
Classical case-control studies are important in genetic epidemiology, even though they can only establish an association and other designs are necessary t o determine whether such associations are causal. This paper considers the analysis of genetic case-control data, Modern molecular biology techniques make it reasonably straightforward to identify the alleles at a particular genetic locus present in a large number of individuals. In tabulating such data, a question arises as to whether one has one or two observations per person. One approach classifies individuals according t o their genotypes, that is, according t o the pair of alleles that each individual has. Another classifies each allele. Intuitively, one might feel t h a t , provided the alleles are independent, either approach should give a valid analysis. But this must be verified.
The d a t a appear as a standard Fisherian 2 x 2 or 2 x 3 table for which chi-squared statistics and odds ratios were developed. However, a cursory review of recent genetic literature reveals that there is no consensus on which tabulation is most appropriate, nor has there been a comparison of the mathematical properties of the different procedures in statistical journals. Here we show that one of the widely used procedures can give spurious results, and we recommend against its usage.
In the following section, we consider each possible analysis in some detail. Section 3 studies the estimates of the odds ratio obtained from each approach. Section 4 studies the chi-squared statistics.
In all cases, it is assumed that there is just one allele of interest. The methods are illustrated with d a t a concerning HLA-DQ and HLA-DR typing and cervical intraepithelial neoplasia (CIN). Proofs of the main results are in the Appendix. In the example that motivated this paper, there was just a single allele of interest (it had been identified by previous studies). More often, one may wish to consider association with many alleles Key words: Case-control; Chi-squared statistic: Genetic data; HLA typing; Hardy-Weinberg equilibrium; Score test. a t a given locus and possibly with a very large number of genotypes a t the locus. This introduces the problem of multiple testing, which has been discussed in the HLA setting by several authors (see. e.g.. Prentice et al.. 1984) . Table I presents the numbers of cases (women with CIN 3) and controls with 0 (negative), 1 (heterozygous), and 2 (homozygous) copies of the allele DQ3 (also called DQB1*03) at the HLA locus DQ. Since each heterozygous has one copy of DQ3 and each homozygous wonlan has two copies, we can produce a n allele table (e.g., Apple et al., 1994 : Odunsi et al., 1995 with twice the sample size (Table 2) . Finally. Table 3 presents the d a t a in terms of the number of women with and without the allele. ignoring the difference between homozygous and heterozygous genotypes. Such a tabulation was common when HLA typing was done by serology, so that it was not possible t o distinguish between someone who was homozygous for the allele of interest and someone who was heterozygous with one unknown allele. Intuitively, this table will be appropriate whenever the allele of interest is dominant. From Tables 1, 2 , and 3, we can calculate odds ratios and test statistics. These are presented in Table 4 . The lines labeled "I: hetero" and "I: homo" refer to the respective 2 x 2 subtables within 
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Some further understanding of these different analyses is essential before one can meaningfully interpret the results presented in Table 4 . 3. Estimation Traditionally, one estimates odds ratios from case-control data because it is not possible to estimate the risk of disease in each exposure group directly. Instead, one relies on the identity between (i) the ratio of odds of exposure in the diseased to that in the controls and (ii) the ratio of the odds of disease in the exposed t o that in the unexposed. Provided the disease is rare, the odds ratio will be a close approxin~ation to the relative risk. With genotype data, one can estimate the relative risk of a rare disease associated with the heterozygous genotype and with the homozygous genotype, or one could combine these two groups (as is done in Table 3 ) and estimate the relative risk associated with the gene. Formulas for these estimators are given in Table 8 . The other estimate available from the d a t a in Table I is the common odds ratio under the assumption that the hon~ozygous odds ratio is the square of the heterozygous one. This can be estimated by maximum likelihood estimation in the logistic model, but we also provide an ad hoc closed-form estimator,
where N i j is the total number with either i or j DQ3 alleles, i.e.. N,j = n, +n_,. This is motivated along the lines of the hlantel-Haenszel estimator: it is a weighted average of three different estimators from the 2 x 2 subtables of the 2 x 3 The odds ratio from allele data is the relative odds of the allele in cases and in controls. For a rare allele, this is approximately the relative gene frequency in cases and controls. It is not however immediately obvious how t o translate this odds ratio into a statement about the risk of disease. Whereas one can discuss the risk of disease in an individual with a given genotype, it does not make sense to talk about the risk of an allele getting the disease. The best we can do is to say that the estimated odds ratio corresponds to the odds ratio of disease in the following artificial situation: one has t o assume that only one of the two alleles for each individual is known and that the knnwn allele is chosen at random. By contrast, the odds ratio from the serological table does have a reasonable interpretation. For a rare disease, it will give the relative risk of disease for an individual (chosen at random from among all individuals) with a t least one copy of the allele. Thus, we need not assume that homozygotes and heterozygotes have the same risk. The serological odds ratio is appropriate whenever we do not have information to distinguish homozygotes from heterozygotes.
There is, however, a special case under which the allelic odds ratio will coincide with the genotypic odds ratio. Suppose that the Hardy-Weinberg equilibrium holds in both cases and controls; that is, the relative proportions of the different genotypes is p~: 2 p , ( l p , ) : ( 1 -pi)'. ( i = 1 , 2 ) , where po and p l are the allele frequencies in controls and cases, respectively. Recall that 'the equilibri~lm holds under the dual assumptions of random mating and no selection. The assumption of no selection in cases implies that the gene is not associated with the disease, but the equilibrium could hold under weaker assumptions, too.
Statistically, the Hardy-Weinberg equilibrium simply states that the alleles are independent.
Suppose that a proportion p of the alleles in a population are of type A. Each individual receives two alleles. The number of alleles of type A received by an individual will be binomially distributed (with n = 2 and probability p) if and only if sampling of the two alleles is independent.
THEOREM zero znfinity.
Suppose that the heterozygous odds ratio is n o t equal to one, or T h e n any t w o of the followzng four condztions imply the other two:
(1) T h e homozygous odds ratio is the square of the heterozygous one (2) T h e allelic odds ratzo 2s equal to the heterozygous one. (3) or (4) from (1) and (2).
( 3 ) T h e Hard?/-Weinberg equzlzbrium holds i n the control population. ( 4 ) T h e Hardy-Weinberg equzlibrium holds i n the case population. T h e stzpulatzon that the heterozygous odds ratzo zs n o t equal t o one 2s only requzred t o derzve
REMARK. A simple counter example shows that condition ( I ) on its own is not enough t o imply (2). Consrder the data:
Case: 45 27 18
Control: 72 18 5
The heterozygous, honlozygous, and allelic odds ratios are 2.4, 2.42, and 3.12, respectively. Theorem 1 gives conditions under which the allelic odds ratio is equal t o the heterozygous odds ratio. We now consider some other results and special cases. Proofs of both the theorem and the proposition can be found in the Appendix.
(a) Suppose that the Hardy-Weznberg equilzbrium holds i n the control population. T h e n the allelzc odds ratzo is greater (less) t h a n the heterozygous odds ratio if and only if the homozygous odds ratzo is greater (less) t h a n the square of the heterozygous one. (b) Suppose only that the homozygotes are not viable, i.e., there are n o h o m o q g o t e s zn the population. T h e n the allelic odds ratzo always lies between the heterozygous odds ratio and 1. (c) Suppose only that the gene is dominant so that the homozygous odds ratio 2s equal to the heterozygous odds ratzo. T h e n the allelzc odds ratio lzes between the heterozygous odds ratio and I . (d) Suppose only that the gene zs recessive, so that the heterozygous odds ratio zs equal to I . T h e n the allelic odds ratio lies between the homozygous odds ratzo and 1. (e) Provzded ro and so are both nonzero, the serological odds ratio is greater (less) t h a n the heterozygous odds ratzo if and only if the homozygous odds ratio is greater (less) t h a n the heterozygous one. (f) T h e serological odds ratzo alwags lies between the heterozygous and the homozygous odds ratios.
Note t h a t , in symbols. (e) may be stated as and, convrrsely.
Example. W'ank and Thomssen (1991) present d a t a on HLA-DQ antigens in 66 women with squamous cell carcinoma of the cervix in 109 local controls and in 2019 Caucasians (IWC, International Workshop Controls) Of the 66 cases, 47 (71%) were heterozygous with one DQw3 allele and 8 (12%) were DQw3 negative. \Ve assume that the remaining 11 (17%) were homozygous for this allele, although it is possible that some of them had an unknown allele a t this locus. In fact, even a t 17%, there were considerably fewer homozygous than one would expect under the assumption of the Hardy-Weinberg equilibrium (Pearson's X: = 17.6, P < 0.0001). The Hardy-Weinberg equilibrium fits the I\VC d a t a well (x; = 8.6, P = 0.2) for the D Q locus in 2016 Caucasians (Baur et al., 1984) .
Assuming, therefore, that the Hardy-\Veinberg equilibrium holds in both control populations, we obtain heterozygous and homozygous odds ratios of 7.00 and 7.75 with respect t o the local controls and 9.65 and 15.0 with respect t o the Caucasian panel, respectively. This data supports the hypothesis of a dominant effect of HLA-DQw3 on cervix cancer. Wank and Thomssen (1991) also studied 2 women with adenosquamous carcinoma of the cervix and 13 with cervical intraepithelial neoplasia (CIN) or carcinoma zn sztu. Both of the adenosquamous cases were heterozygous for DQw3 and 11 of the 13 CIN cases had a DQw3 allele, a t most 1 of whom was homozygous. These additional 15 cases strengthen the argument for a dominant effect of HLA-DQw3 or a closely linked gene on cervical neoplasia.
Inference
Inference about the null hypothesis that the disease is not associated with the gene, i.e., that all the odds ratios are equal t o one, may be based on Armitage's trend test (Armitage. 1955 ). This test is equivalent to the score test in the logistic regression model. Let x, denote a score associated with each column of the Similarly, x;, the test statistic for the 2 x 2 allele table, is given by Note t h a t , apart from the factor 8, the numerators of the two statistics are identical. However, the variances (denominators) differ. It is shown in the Appendix that Hence, the allelic test statistic may be either larger or smaller than the genotypic test statistic with equality if and only if the Hardy-Weinberg equilibrium holds in the combined sample. Notice that the ratio of test statistics depends only on the marginal distribution of the genotypes and not on the case-control dependence on genotype. However, the proportion of cases t o controls may vary, and it is not in general sufficient for the Hardy-Weinberg equilibrium to hold in both populations in order for it t o hold in the combined population (this is known as Wahlund's principle in population genetics: it can be shown using Jensen's inequality). It should be clear that the variance in Armitage's trend test is correctly calibrated for the sampling situation of the genotypic data. One may thus conclude that the size of the chi-squared test from the 2 x 2 allelic table is incorrect if the Hardy-Weinberg equilibrium does not hold in the combined case-control population.
The reason for the invalidity of the chi-squared approximation to the statistic X; is that it assumes that sl + 2s2, the number of controls with DQ3 alleles, is binomially distributed from a sample of size 2 s . As we have seen, s l +2s2 will only be binomially distributed if the two alleles in a given individual are independent, i.e., if the Hardy-Weinberg equilibrium holds. In general, the variance of the number of controls with a specific allele could be either smaller or greater than the binomial variance.
The chi-squared statistic X: derived from the collapsed 2 x 2 serological 
Conclusions
Even though researchers may wish to assume that the effect of different alleles a t a given loc~is are codominant, we recommend against the use of the allelic odds ratio and chi-squared statistic. As we have shown, these statistics are not robust against departures from the assumptions of HardyWeinberg equilibrium in controls and codonlinance between the alleles. If Hardy-Weinberg fails, X ; is invalid. The statistics obtained from regressing case-control status on the number of the allele of interest in each individual are also asymptotically optimal when the effect is codominant. The trend test so obtained is appropriate so long as the hornozygote risk is not intermediate between the heterozygote risk and the risk in those without a single copy of the particular allele. In situations in which it is possible to identify homozygotes with certainty, it may be useful t o estimate both the honlozygous and the heterozygous odds ratios. These estimates, together with confidence intervals, can be used to investigate the extent t o which a n effect is recessive, codominant, or dominant. In situations in which it is not possible to distinguish with certainty between llomozygotes and heterozygotes, the serological odds ratio and chi-squared test may be used. Although this odds ratio should not be interpreted as the heterozygous odds ratio, it may be used to test the null hypothesis of no association between allele and disease. Whenever the effect is dominant, this method will, in fact, be completely efficient.
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